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Cardiomyopathies are a heterogeneous group of diseases that negatively affect heart structure and function. An enlarged and weakened left ventricle (LV) characterizes dilated cardiomyopathy (DCM). Clinical studies have reported that approximately 50% of patients with DCM have a first-degree relative affected or likely to be affected, implicating a genetic cause. However, mutations have been found only in a small subgroup of patients. Titin, encoded by the TTN gene, is a sarcomeric protein present in skeletal muscle, smooth muscle, and cardiac muscle and is highly involved in the mechanotransduction and stretch of the heart muscle. 1, 2 The advantages and disadvantages of cardiac adaptation to stress and stretch have been the subject of several studies highlighting the role of titin in development and disease, summarized in recent review articles. [3] [4] [5] With its discovery often dated back to 1976 when it was still called ''connectin,' ' 6 titin has been highlighted in cardiac physiology/medicine because of its possible contribution to the Frank-Starling mechanism and its implication in DCM. 5, [7] [8] [9] [10] Initially, titin's structural properties related it mostly to sarcomeric integrity and passive stiffness, which was shown to be altered in cardiac disease. 11, 12 More recently, our knowledge has been extended beyond passive stiffness to active (and passive) muscle force production 13, 14 and the impact of titin mutations in the development of cardiac disease 15, 16 as highlighted in the report by Hinson and colleagues. 17 In this article, we provide a brief review of the different titin isoforms and their associated elasticity, and discuss recent links with cardiac disease.
WHAT IS TITIN?
With a molecular weight of 3.0 to 3.8 MDa, 18 titin is also often called the ''giant protein. '' 7,19,20 Titin spans approximately half of the sarcomeres in cardiac and skeletal muscles, and is located between the Z-disk and M-band within the sarcomere (Figure 1 ). The total structure is divided into different segments at specific locations. The presence, absence, or relative contribution of segments represents different isoforms that act like springs with different magnitudes of stiffness ( Figure 2) . 8, 21 Although titin has also been shown to be modifiable by phosphorylation and oxidation, an isoform switch has been described and linked to normal developmental stages as well as disease. Currently, 3 cardiac isoforms of different lengths and stiffnesses/ elasticities have been described. The longest and most elastic isoform can be found in neonates. 20 The mediumlength isoform is found in healthy adult myocardium, whereas the shortest, most stiff isoform has been reported in the myocardium of adults with heart failure ( Figure 3 ).
10,22

TITIN AND THE FRANK-STARLING MECHANISM
The Frank-Starling mechanism relates to a change in the end-diastolic stretch of the LV and represents on the myocyte level as sarcomere stretch, resulting in a subsequently greater force of contraction and a greater stroke volume. 23 Historically, the stretch-induced increased contractility of the heart has been linked to a change in the myofilament Ca 2þ sensitivity. It has been proposed that sarcomere stretch is transmitted to sensitivity of myocardial calcium ions, which has been termed ''length-dependent activation.'' However, some debate remains around the exact mechanism and recent evidence suggests that titin may contribute significantly to length-dependent activation through structural rearrangements of both thin-and thick-filament proteins. 24 This indicates that titin is involved in passive stretch-sensing that simultaneously acts on thin and thick filaments. Although these advances in our knowledge highlight the potential of titin to impact on the most fundamental whole-organ function of the heart, another discovery increases the significance of titin even more. In addition to contributing to length-dependent activation, titin appears to contribute to the Frank-Starling mechanism by linking the transition from end-systole to the early diastolic period. Helmes and colleagues 25 showed that titin's restoring forces are involved when the sarcomere shortens below slack length (ie, a reduced end-systolic volume on the wholeorgan level), and the subsequent early diastolic recoil may be influenced by length-dependent deactivation. These findings emphasize the importance of titin's molecular contributions to the whole-organ regulation of cardiac function during contraction and relaxation. Moreover, the link between systole and diastole fits the previously observed involvement of titin in DCM. From a classic FrankStarling perspective and the data discussed at the beginning of this paragraph, titin could be expected to upregulate myofilament Ca 2þ sensitivity and increase the force of contraction. The lack of such a response in DCM can now be explained, at least in part, by the inability of the heart to shorten below slack-length, and consequently the heart finds itself in a negative spiral that results in increased stiffness, affecting both systole and diastole. Elucidating the exact interaction between titin stiffness and systole/ diastole is essential to understand heart function on a more fundamental level. This was elegantly highlighted by a recent article that suggested an improved diastolic function with increased titin compliance, but with the additional effect of an attenuated Frank-Starling mechanism. 26 Future studies should focus more on the role of titin from the early stages of heart failure and the transition to DCM to understand the interplay between systolic and diastolic regulation.
TITIN'S REGULATORY CAPACITY
The truly remarkable thing about titin is its ability to modify in relation to its tension, thereby appearing to be able to regulate across a wide range of stiffnesses/elasticities. For example, titin has been shown to be altered by S-glutathionylation, 27 as well as by phosphorylation and oxidation. 28, 29 These modifications may play important roles in the acute and chronic regulation of cardiac function and could be therapeutic targets. The pathologically altered titin phosphorylation in heart failure, possibly not dissimilar to the consequences of titin mutations mentioned previously, 15-17 is a current area of interest that has raised the hope that isoform splicing and post-translational modification of titin's I-band region 30 could alleviate the cardiac stiffness observed in a number of pathologies. Elegant studies have shown that phosphorylation of protein kinases A, G, and C can alter titin-based passive stiffness by phosphorylating titin at the N2B element or the PEVK sequence. 30 These modifications have been examined in a number of animal models of disease, as well as in humans, including in healthy hearts obtained from organ donors, 31 patients with DCM, 32 and patients with heart failure and preserved ejection fraction who were also hypertensive. 11 There is no doubt that the recent findings hold a significant promise in alleviating the problems associated with a variety of heart failure types. However, caution must be exercised, because TTN manipulations via post-translational phosphorylation may be accompanied by unexpected (and unwanted) additional modifications as suggested in other genetic studies. 33 This is in agreement with the fundamental physiologic principle of redundancy, emphasizing the need for careful checking of the consequences of molecular alterations to wholeorgan function. 34 Notwithstanding, the ability of titin to modify its passive stiffness/elasticity in response to phosphorylation deserves further investigation.
THE MISSING LINK
The aforementioned evidence mostly originates from elegant studies of isolated myofibers or even single FIGURE 3. Different passive stiffness of cardiac muscle in populations with different titin isoforms. Passive stiffness of the normal adult titin isoform N2BA is shown across a range of sarcomere lengths. In fetal myocardium, the more elastic titin isoform (fetal cardiac titin [FCT] ) is associated with a reduced passive stiffness. Conversely, in patients with hypertension and heart failure with preserved ejection fraction, the shorter N2B isoform is characterized by increased myocardial stiffness. HFpEF, Heart failure with preserved ejection fraction. Schematic based on Lahmers and colleagues 21 and Zile and colleagues. molecules. However, the link to whole-organ function is less clear. In the healthy human LV, oblique and circumferential myofibers interact during contraction to result in twist (sometimes termed ''torsion''), and rapid untwisting occurs during relaxation. 35 In particular, the rapid untwisting, which is in part a passive process related to restoring forces and in part elastic recoil, is conceptually linked to LV stiffness. 36 But despite previous reference to the link between LV twist/untwisting and titin, 37, 38 to the best knowledge of the authors direct empirical evidence between titin isoforms and LV twist/untwisting is missing. One previous study has highlighted the influence of altered ventricular myosin-light-chain-2 on LV twist (''torsion''), 39 but the link between the systolic and diastolic mechanical function and titin expression remains outstanding. Furthermore, the clinical relevance remains to be elucidated. To fully understand the interaction between the mechanical behavior on the myocyte level and the overall wholeorgan function is essential if conditions such as DCM are to be treated successfully, maybe even prevented. Largescale evidence for this is missing; however, there is interest in the field of mechanobiology and biomatrices in general and the example of titin, torsion, and DCM is a perfect example for the need for such endeavors. 40, 41 This may extend to a better understanding of the interaction between elasticity of the sarcomeric titin, whole-organ stress/tension (as perhaps represented by LV twist/torsion), 42, 43 and surgically implanted cardiac assist devices. We recommend that future studies could significantly expand our existing knowledge by providing molecular evidence obtained from tissue samples during surgical interventions and coupling them with noninvasive indices of whole-organ cardiac mechanics.
DILATED CARDIOMYOPATHY AND THE GENETICS OF TTN
A large body of evidence suggests a familiar aggregation of DCM. As described in recent work, the autosomaldominant inheritance is the predominant pattern of transmission; however, some familial cases also present an autosomal recessive or X-linked recessive trait. Recent studies classify pathogenic variants in the TTN gene as the main responsible for familial DCM with approximately 30% to 35% of families diagnosed of DCM showing any alteration in this gene. The second gene most prevalent in familial DCM is LMNA, responsible for approximately 10% to 15% of cases. Haas and colleagues 44 report in detail the variants of TTN in DCM and weight their effect on the basis of gene size, number of splice, frameshift, stop, nonsynonymous, and predicted disease-causing nonsynonymous variants. TTN truncating mutations have been reported to be the common cause of DCM, occurring in approximately 25% of familial cases of idiopathic DCM and in 18% of sporadic case. 45 Notably, the clinical manifestations in titin mutations are similar, related to symptoms, morbidity, and mortality, but the disease is more aggressive with adverse events in men at earlier ages. 16, 45 With regard to post-translational modifications, as mentioned earlier, phosphorylation of protein kinases A, G, and C can alter titin-based passive stiffness by phosphorylating titin at the N2B element or the PEVK sequence. 30 From a clinical perspective, it remains important to determine the contribution of titin-based stiffness to overall stiffness reported in heart failure. 46 Collagen fragmentation or deposition may also contribute to total cardiac stiffness, 10, 11 and in an experimental model of DCM other extracellular matrix proteins appeared to play a more important role in overall stiffness compared with titin contributions. 47 Extending this suggestion on titin-related contributions to both the systolic and diastolic whole-organ cardiac function, future studies should attempt to determine which structural and nonstructural proteins from the extracellular matrix may contribute to cardiac stiffness, either directly through tissue stiffness or indirectly via mechanotranduction. 48 
SURGEONS' CORRECTION OF DILATED CARDIOMYOPATHY, THE COLLECTION OF TITIN, AND CONNECTION WITH BASIC SCIENCE
Although the genetic understanding of DCM is rapidly advancing (TTN is being considered as one of the most responsive among >50 identified gene mutations) and genetic testing has been implemented in patient management as an important tool in screening and diagnosis, its therapeutic implication is still limited. Pathologic mechanisms of DCM are knowingly diverse, involving alterations in metabolic profiles, nuclear integrity, transcriptional regulation, protein degradation, and calcium ion channel, 49 highlighting its genetic complexity. Pharmacologic and implantable cardioverter-defibrillator therapies remain the mainstream in the management of patients with DCM until they progress to Stage D heart failure, in which surgical interventions, such as heart transplantation and mechanical circulatory assist devices, contribute significantly as a standard of care of these patients. Assessment of titin-based stiffness may be used in the future to further determine the necessity of surgery, as well as to determine the outcome of surgical interventions. Of note, surgical correction of aortic stenosis may also result in alterations in titin, with consequences that are yet to be fully determined. 50 In essence, titin's role in relation to passive cardiac tension means that theoretically any surgery that results in a change in shape, volume, or pressure of the heart with subsequent alterations in wall tension is likely to influence titin. 42, [51] [52] [53] Whether there is a direct link between surgical interventions that have successfully restored LV twist/torsion 54, 55 and titin remains to be confirmed in future research studies. Indirect effects through thymectomies have been reported, 56 highlighting the wider implications of any structural and endocrine modification to potentially affect titin. Moreover, in the (near) future, the development of a genetic therapy for Stage D heart failure, surgical interventions might play an important role similar to studies in regeneration therapy in which various cells or matrices are injected into myocardium at the time of durable left ventricular assist device implantation.
CONCLUSIONS
To improve our knowledge of the role of titin on DCM, a more complex multidisciplinary approach is required. A systematic ex vivo analysis of explanted tissue for genomic, transcriptomic, proteomic analysis would generate important insights into the role of TTN in DCM and possibly allow a novel risk-stratification tool for patients in need of medical device implantation. Furthermore, given the correlation between titin and troponin/tropomysin in the FrankStarling mechanism, an ex vivo mechanobiological analysis of surgical explants would also inform the patient response to changes in stress and strain. Overall, titin represents a key player in DCM, and a more interdisciplinary analysis of its regulation and impact of cardiac remodeling may assist in improving the understanding and treatment of DCM.
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